changes in a compartment of the most primitive pluripotent stem cells that were recently identified by our team and named 'very small embryonic/epiblast-like stem cells'.
Introduction
The aging process is an inevitable consequence of life. As a result of exposure to intrinsic-as well as extrinsicaging factors, cellular aging is triggered by gradually accumulating DNA damage and epigenetic changes in DNA's structure [1] [2] [3] . Thus, aging could be envisioned at the cellular level as a result of altered cell function in response to changes in the DNA structure that directly affect proper gene expression ( fig. 1 ).
Telomere shortening also plays an important role [4] in aging. It is well known that DNA replication machinery is not able to copy the ends of chromosomes (telomeres). Thus, with every round of DNA replication during cell division, telomeres become shorter. The process of telomere shortening can be prevented by specific DNA polymerase, called telomerase [4] . However, most adult somatic cells do not show telomerase activity at the level that could compensate telomere shortening during con-secutive cell divisions. The shortening of telomeres below a critical length could be falsely sensed by the cell as DNA double-strand breaks. In response to this, the cell triggers DNA damage response mechanisms such as activation of the p53 tumor suppressor protein, for example [4] . The telomere shortening creates an 'intrinsic biological clock' for cellular aging and explains the so-called Hayflick's limit of cell division at the molecular level [5] . In contrast to somatic cells, telomerase activity is expressed at a higher level in stem cells [4] . However, as demonstrated, even in this population of cells, telomeres shorten with time [4] .
In addition to mechanisms triggered by telomere shortening, DNA damage is induced by intra-and extracellular processes that perturb DNA replication and function (e.g. release of free radicals from the mitochondria during cellular respiration and after ␥ -irradiation, ultraviolet (UV) exposure, or exposure to chemical mutagens; fig. 1 ). Overall, DNA damage due to oxidative stress could be repaired by specialized cellular defense mechanisms such as DNA repair machineries and enzymes that metabolize reactive oxygen species (ROS). However, the dysfunction of these protective mechanisms observed during aging leads to the accumulation of damaged DNA. Indeed, a significant increase in DNA damages such as DNA mutations, DNA oxidation, chromosomal aneuploidy, and translocations have been demonstrated during aging in all types of adult tissues [6] [7] [8] .
Epigenetic Regulation of Chromosome Structure
In nucleated cells (eukaryotes), DNA exists as a highly folded and compacted structure known as chromatin, in which DNA double helix is wrapped over core histone protein octamers to form nucleosomes, the fundamental units of chromatin [2] . The histone core proteins consist of two subunits of histones H2A, H2B, H3, and H4. Histone H1 functions as a linker histone to integrate other neighboring nucleosomes. Depending on the level of DNA compaction, we distinguish two types of chromatin, i.e. euchromatin and heterochromatin. Euchromatin is transcriptionally active and thus less organized. In contrast, heterochromatin is transcriptionally inactive, contains tightly compacted hypermethylated DNA, and includes several genetically inactive regions (e.g. satellite sequences, centromeres, telomeres, and the Barr body of the inactivated X chromosome in females). The heterochromatin is usually localized to the periphery of the nucleus. Due to the dense arrangement of DNA, heterochromatin is responsible for gene silencing and genomic stability.
Overall, the chromatin structure is regulated through the chemical modification of histone proteins and DNA itself. The compact nature of chromatin, where histones are wrapped by DNA, makes them marginally accessible to nuclear enzymes. However, both N-and C-terminal ends of histone proteins protrude from the chromatin, making them susceptible to a number of enzymatic posttranslational modifications including phosphorylation, methylation, acetylation, ubiqutination, and mono-or poly(ADP-ribosyl)ation [9] . All these chemical modifications of histones are reversible and affect their secondary Aging-associated nuclear alterations as a result of intrinsic and external factors. Both intrinsic factors (e.g. telomere shortening, epigenetic modulators, and an increase in INK4a/ARF expression) as well as external factors (e.g. free radicals (ROS), ultraviolet (UV) mutagens, and some endocrine signals) lead to changes in the nuclear architecture and chromatin organization. This leads to changes in expression of aging-associated genes that impact cell function and lead to accumulation of senescent cells in various tissues. structure and interaction with DNA. Histone modification has a direct impact on the dynamic status of chromatin and gene expression.
In addition to histone modification, another important mechanism that plays a crucial role in chromatin organization is DNA methylation. DNA methylation results from a presence of cytosine nucleotides, which could be methylated at the C-5 position by DNA methyltransferases (DNMTs). Based on the substrate preference, we can distinguish two major classes of DNMTs in mammalian cells [10] . Accordingly, the first so-called de novo DNMTs (DNMT3a and DNMT3b) catalyze the methylation on previously unmethylated cytosine residues. This established DNA methylation pattern is subsequently maintained during DNA replication by DNMT1. It was also identified that the DMNT3-like (DNMT3L) protein shows a high homology to de novo DNMTs, but lacks enzymatic activity. However, DNMT3L modulates DNA methylation patterns as a regulatory factor for interaction with other DNMTs [11] . DNA methylation is involved in several biological phenomena including: (i) heterochromatin formation; (ii) X chromosome inactivation; (iii) genomic imprinting, and (iv) inhibition of gene transcription through recruitment of transcriptional co-repressors and chromatin-modifying enzymes [10] .
All these epigenetic modifications of chromatin (e.g. histone modifications and DNA methylation) play a crucial role in maintaining genomic integrity, thus assuring proper gene transcription and DNA repair [9, 10, 12] . This explains why epigenetic modification of chromatin's structure was proposed to be a crucial factor in cellular aging in budding yeast, i.e. Saccharomyces cerevisiae [2] . Recently, evidence emerged to support that similar processes mediate aging in cells of organisms at a higher evolutionary level [3] .
Therefore, in this review, we focus on age-related alteration in chromatin organization and discuss the epigenetic features that can influence the aging of adult somatic cells and stem cells ( fig. 2 ).
Age-Related Changes of Nuclear and Chromatin Organization
The significance of nuclear reorganization in aging has been described in several human progeroid syndromes such as Hutchinson-Gilford progeria syndrome (HGPS), Werner syndrome (WS), and ataxia telangiectasia (AT). It has been reported that defective mutations in genes encoding nuclear intermediate filaments, DNA helices, and DNA damage sensors cause genomic instability in HGPS, WS, and AT patients, respectively, which leads to accelerated aging in these patients. The molecular consequences of these mutations are discussed below. • Promoter methylation (DNMT3b )
• H4K20me3
• SIRT1
Fig. 2.
Aging affects pools of somatic and stem cells. Somatic cells undergo an agerelated process of telomere shortening and epigenetic modification of their genetic material. The stem cell compartment is affected by decreases in the number and function of pluripotent stem cell populations (e.g. VSELs) as well as by epigenetic changes in a pool of tissue-committed stem cells. Overall, the age-related nuclear alterations in the stem cell compartment are more relevant for those somatic cells that show a short half-life duration (e.g. hematopoietic cells, intestinal epithelium, and keratinocytes). However, such a nuclear alteration also affects tissues and organs that show even relatively low cell turnover (e.g. heart, brain, skeletal muscles).
Accordingly, the HGPS patients mentioned above have been identified with a defective mutation of the LMNA gene, which encodes lamin A, a crucial component of nuclear lamina that forms a perinuclear meshwork of nuclear intermediate filaments located on the inside of the nuclear membrane [13] . The mutant LMNA gene generates the truncated splice variant that perturbs normal nuclear organization. Consequently, HPGS patient cells show: (i) an aberrant nuclear shape; (ii) loss of heterochromatin-associated protein (e.g. heterochromatin protein-1 (HP1)) leading to decreased heterochromatin content, and (iii) altered patterns of histone modification [13, 14] . The WS patients display an inherited mutation in the WRN gene, which encodes a member of the RecQ DNA helicase involved in DNA repair and recombination [15] . As result of this particular mutation, WS patient cells show high genomic instability, especially in repetitive loci. Finally, AT patients show an inherited defect in the ATM gene, which encodes a protein kinase that functions as a sensor for DNA damage and initiates the DNA damage cascade response when required [16] . In sum, changes in HGPS, WS, and AT progeroid syndrome patients are characterized by genomic instability, disorganization of the nuclear structure, progressive neurodegeneration, growth retardation, and premature aging. This shows that the genomic instability resulting from the disturbed nuclear architecture and heterochromatin structure may accelerate the aging process. In fact, to support this notion, some similar changes in nuclear reorganization have been reported in normal cells during their senescence [2] .
As mentioned above, heterochromatin governs gene silencing and genomic stability. To explain this in the human genome, numerous repetitive elements could be susceptible to recombination due to their repetitive nature. Therefore, the confining of the repetitive elements into heterochromatin ensures the genomic stability by preventing improper recombination that, in consequence, could lead to chromosome breakage and fusion [2] . The disorganization of the nuclear architecture with concomitant loss of perinuclear heterochromatin is a common finding in senescent cells [2, 13, 14] . This aging-associated heterochromatin reorganization can influence both the genomic integrity and transcription of some agingassociated genes [2] . Indeed, it has been reported that in aged cardiomyoctes [17] , similarly as in fibroblasts from HGPS patients [14] , the reduction in repetitive sequenceassociated heterochromatin structure may lead to increased transcription of the major satellite repeat that forms heterochromatin around chromosome centromeres. Moreover, the aging-associated changes in inactivation of the X chromosome and genomic imprinting result in the loss of allelic repression of selected genes (e.g. X-linked ATPase copper-transporting type 7a and one paternally imprinted insulin-like growth factor 2 (Igf2)) [18] . Thus, loss of epigenetic silencing of heterochromatin-related genes in aged tissue contributes to age-associated aberrant gene expression.
As another example, the existence of a link between perinuclear heterochromatin and transcription explains increased expression of collagenase in cells isolated from aged individuals as well as from WS patients [19] . To explain this phenomenon at the molecular level, the expression of the collagenase gene is repressed in an age-dependent manner by the Oct1 gene, a member of the POU domain family [20] . Accordingly, in cells from young individuals, Oct1 protein is located in the heterochromatin-enriched periphery of the nucleus, where it co-localizes with laminin B, a component of nuclear lamina. In senescent cells, by contrast, loss of heterochromatin content induces the release of Oct1 protein from the nuclear periphery, which results in a loss of Oct1-mediated repression of the collagenase gene. Thus, this age-related reorganization of heterochromatin may directly affect aging by modulating the transcription of aging-associated genes.
Another example of age-related changes in chromatin's structure is the formation of so-called senescenceassociated heterochromatin foci (SAHF) [21] . The SAHF is a transcriptionally repressive heterochromatin structure, which is highly enriched in heterochromatin-associated modified histone (trimethylated lysine 9 (K9) of H3) and HP1. SAHF formation around E2F-responsive promoters induces the stable repression of E2F target genes through the recruitment of the retinoblastoma tumor suppressor. Thus, SAHF is one of the aging-associated chromatin structures that repress some of the growth-promoting genes in senescent cells.
Overall, the dynamic structure of chromatin is orchestrated by chemical modification of DNA and histones. Based on this, aging-associated chromatin reorganization (e.g., loss of heterochromatin and SAHF) could be explained by concomitant changes in DNA methylation and histone modifications. To support this notion, it has been shown that the amount of the trimethylation of H4-K20 (H4K20me3) that is highly enriched in pericentric heterochromatin regions increases in senescent cells [3] as well as in fibroblasts derived from HGPS patients [14] . Moreover, HGPS patients' cells display a loss of the trimethylated H3K27 on the inactivated X chromosome.
In addition to the histone modifications, genomic global DNA methylation declines with age in cells located in several tissues [22] . This loss of global DNA methylation could be explained by the progressive loss of DNMT1 activity that results in the passive demethylation of heterochromatic DNA [23] . The precise role of this agingassociated phenomenon remains somewhat unclear. However, based on DNA methylation maintaining heterochromatin's integrity, this may suggest that the global change of DNA methylation can be associated with the reorganization of the heterochromatin structure during aging. Interestingly, in response to the global decrease of DNA methylation, senescent cells upregulate expression of de novo DNMT3b as a compensatory mechanism [23] . The overexpressed DNMT3b leads to the hypermethylation of the CpG islands in promoters of selected genes. To support this, senescent cells are known to exhibit the hypermethylated promoters in genes associated with aging, such as: (i) estrogen receptor; (ii) E-cadherin; (iii) collagen ␣ 1(I); (iv) c-fos; (v) Forkhead box O transcription factors (FoxOs); (vi) Igf2, and (vii) tumor suppressor candidate 33 (N33) [3] . This leads to the aging-associated changes in expression of these genes. In conclusion, the cellular aging and senescence could be result of reorganization of the nuclear architecture, changes in heterochromatin's structure, epigenetic modification of histones, and changes in DNA methylation.
Changes in the Expression and Function of Chromatin-Remodeling Factors during Aging
The aging-associated reorganization of chromatin's structure supports the idea that chromatin-remodeling factors play an important role in the aging process. As mentioned above, the alternation in DNMTs expression affects the transcription of aging-associated genes at the level of global DNA and promoter methylation [3] . On other hand, histone-modifying enzymes are also important contributors in the aging process [2, 3] . It is also well known that Sirtuins, nicotinamide adenine dinucleotidedependent histone deacetylases, are important players in the aging process. Accordingly, the silent information regulator 2 (Sir2), the yeast ortholog of mammalian Sirtuins, delays the aging process of budding yeast by promoting heterochromatin formation through histone deacetylation in the repetitive genomic regions that are present in mating genes, telomeres, and ribosomal (r)DNA. The genetic deletion of Sir2 accelerates the aging process and, in contrast, overexpression of this gene leads to increased lifespan [24] . To support this further, calorie restriction (CR), which extends the lifespan of numerous organisms, was shown to increase the expression of Sir2 in budding yeast [24] .
In the mammalian genome, seven Sirtuins (SIRT1-7) genes were found [25] and SIRT1, a close homolog of Sir2, has been extensively scrutinized in aging studies. The expression of SIRT1 is age-dependent [25] and induced by CR both in rodent and human cells [26] . In addition, SIRT1 is activated by resveratrol, which is known to increase the lifespan in lower organisms [24] and reduce the death rate in a high-fat diet rodent model [27] . SIRT1 removes the acetyl groups predominantly on histones H4-K16 and H3-K9 and promotes formation of heterochromatin [25] . However, it remains to be determined whether heterochromatin formations through SIRT1-mediated histone modifications found similarly in yeast are also directly involved in preventing aging of mammalian cells. In addition, SIRT1 also affects the function of several other non-histone proteins including p53, FoxO transcription factors (FoxOs), p300 histone acetyltransferase, tumor protein p73, E2F1, DNA repair factor Ku antigen 70-kDa subunit, nuclear factor B, and the androgen receptor [24, 25] . Therefore, due to its pleiotropic effects, SIRT1 could be involved in modulating aging at multiple levels, including: (i) gene transcription; (ii) cell cycle; (iii) signal transduction; (iv) stress response; (v) chromatin structure; (vi) DNA repair, and (vii) genomic integrity.
One group of interesting targets for SIRT1 is FoxOs that positively regulate several anti-aging-related genes (e.g. those involved in increasing levels of antioxidants, chaperones, and metabolism-related genes) and, at the same time, negatively regulate expression of putative proaging genes [28] . It is believed that the final biological outcome of SIRT1-mediated FoxOs deacetylation enhances expression of anti-aging genes.
Conversely, the activity of FoxOs is regulated by phosphorylation, which sequestrates phosphorylated FoxOs in the cytoplasm and, as result of this, inhibits FoxOsmediated transcription [28] . Interestingly, the insulin/ insulin-like growth factor 1 (Igf1), which regulates the life span in worms, flies, and mammals, phosphorylates FoxOs in a serine/threonine kinase AKT/protein kinase B (PKB) manner [29] . Thus, the increase of lifespan induced by the inhibition of the insulin/Igf1 signaling cascade is partially a result of the blockage of AKT/PKBmediated FoxO phosphorylation. Because SIRT1 inhibits the insulin-stimulated phosphorylation of FoxOs [28] , it negatively regulates the insulin/Igf1 signaling by the post-translational modification of these transcription factors. In addition, SIRT1 is involved in insulin secretion and expression of IGF-binding protein-1 [29] . Thus, SIRT1 could be envisioned as a central mediator for cellular aging that orchestrates cell-intrinsic (nuclear reorganization-dependent) and cell-extrinsic (oxidative stress-and endocrine signal-mediated) processes.
Effect of Aging on the Stem Cell Compartment
Aging results from a decrease in the rejuvenation and regeneration potential of several vital organs and tissues. Because tissue regeneration depends on a proper function of stem cells, multipotent stem/primitive cells become a major focus of interest in regenerative medicine. The previously discussed epigenetic mechanisms above may directly affect the stem cell compartment. Recent data ( fig. 2 ) also suggest that aging could be explained partially by the decline in the regenerative potential of adult stem cells [30] . This could be explained by: (i) agerelated dysfunction; (ii) exhaustion of the stem cell pool due to tissue regeneration; (iii) damage by oxidative or environmental cues, and (iv) aging-associated epigenetic changes [31] . What is important to mention is that any stable changes in genetic material within stem cells are passed to the daughter stem cells and are maintained in the stem cell compartment. Below, we briefly discuss the contribution of nuclear and chromatin alterations in stem cells to aging.
Pluripotent 'Very Small Embryonic/Epiblast-Like Stem Cells' and Aging
A population of the most primitive pluripotent stem cells in adult tissues was recently identified by our team. Accordingly, we isolated rare stem cells from murine bone marrow (BM) by multiparameter fluorescence-activated cell sorter (FACS) as a population of Sca-1
-s. We named these cells 'very small embryonic/ epiblast-like stem cells' (VSELs) as they: (i) are very rare ( ϳ 0.01% of nucleated cells); (ii) are small in size ( ϳ 3-6 m); (iii) express pluripotent markers such as Oct-4, Nanog, Rex-1, and SSEA-1; (iv) possess large nuclei containing unorganized chromatin (euchromatin), and (v) are capable of differentiation (Oct-4 + ) in vitro into cells from all three germ lineages [32] . In ImageStream system analysis, which is flow cytometry combined with highresolution fluorescence microscopy, we found that VSELs exhibit a significantly higher nuclear/cytoplasm ratio and a lower cytoplasmic area as compared with hematopoietic stem cells [33] .
The rare population of similar Oct-4 + VSEL-like cells is also present in multiple murine organs [33] and human umbilical cord blood, BM, and peripheral blood [34] . When purified VSELs are plated over a C2C12 myoblast feeder layer, they form spheres that resemble embryoid bodies. The VSEL-derived spheres (VSEL-DSs) contain primitive stem cells that, after replating into media, promote tissue differentiation and are able to differentiate into cells from all three germ layers. Furthermore, we reported that VSELs are mobilized into peripheral blood during organ injuries (e.g., heart infarct, stroke), which suggests that these cells could participate in the regeneration of damaged tissues [35, 36] .
The number of VSELs in murine BM gradually declines with age, ranging from 0.052 8 0.018% to 0.003 8 0.002% between ages of 2 months and 3 years, respectively [31] . More importantly, the ability of VSEL-DS formation decreases with age, thus no VSEL-DSs were observed in cells isolated from older mice ( 1 2 years) [40] . The aging-dependent decrease of the pool and function of VSELs in BM may explain the decline of the regeneration potential during aging. This hypothesis has been further confirmed by looking for differences in the content of these cells among BM mononuclear cells (BMMNCs) in long-and short-lived mouse strains. The concentration of VSELs was much higher in the BM of long-lived (e.g., C57B6) as compared to short-lived (DBA/ 2J) mice [32] . Because we reported that the Oct-4 promoter is hypomethylated and displays an open chromatin structure in BM-derived VSELs from 2-month-old mice [37] , it would be important to see whether this changes with the age.
Epigenetic Changes of Imprinted Genes Regulate VSELs Pluripotency
We noticed that Oct-4 + VSELs do not proliferate in vitro if cultured alone and that the quiescence of these cells is epigenetically regulated by DNA methylation of genomic imprinting, which is an epigenetic program that ensures the parent-of-specific monoallelic transcription of imprinted genes [37] . The imprinted genes play a crucial role in embryogenesis, fetal growth, totipotential status of the zygote, and pluripotency of developmentally early stem cells [38] . The expression of imprinted genes is regulated by DNA methylation on differential methylat-ed regions (DMRs), which are CpG-rich cis -elements in their loci [38] . We noticed that VSELs freshly isolated from murine BM erase the paternally methylated imprints (e.g. Igf2-H19, Rasgrf1 loci), however they hypermethylate the maternally methylated ones (e.g. Igf2 receptor (Igf2R), Kcnq1-p57 KIP2 , Peg1 loci) ( fig. 3 b, c) .
Because paternally expressed imprinted-genes (Igf2, Rasgrf1) enhance the embryo growth and maternally expressed genes (H19, p57 KIP2 , Igf2R) inhibit cell proliferation [38] , the unique genomic imprinting pattern observed on VSELs demonstrates growth-repressive imprints in these cells. As supported, VSELs highly express growth-repressive genes (H19, p57 KIP2 , Igf2R) and downregulate growth-promoting genes (Igf2, Rasgrf1), which explains the quiescent status of VSELs ( fig. 3 d) . Importantly, the quiescent pattern of genomic imprinting was progressively recovered during the formation of VSELDSs, in which stem cells proliferate and differentiate. These results suggest that epigenetic reprogramming of genomic imprinting should maintain the quiescence of the most primitive pluripotent adult stem cells (e.g. Oct-4 + VSELs) deposited in the adult body and protect them from premature aging and tumor formation. Therefore, it will be important to investigate whether this genomic imprinting pattern differs between VSELs isolated from young versus old mice and whether these potential epigenetic changes could contribute to the previously mentioned decrease in the pool and function of VSELs during aging. Furthermore, because the pluripotency of VSELs is regulated by the DNA methylation of the Oct-4 promoter [37] , potential changes of Oct-4 promoter methylation could contribute to the VSELs aging and decrease the number of these cells with age.
Quiescence of Pluripotent VSELs and Its Potential Link to Insulin/Igf1 Signaling Pathways
As a result of the unique DNA methylation pattern of imprinted genes, VSELs express lower amounts of Igf2, but highly express the non-signaling receptor Igf2R, which functions at the cell surface as a decoy receptor for Igf2 and prevents its binding to tyrosine kinase receptor, i.e. Igf1R [38] ( fig. 3 d) . Furthermore, we noticed that another paternally imprinted gene, Rasgrf1, which is one of the Ras-specific guanine nucleotide exchange factors and activates the Ras protein, is expressed at very low levels in VSELs [37] . This gene could be also linked to insulin/Igf1 signaling. Accordingly, Rasgrf1-deficient mice show reduced levels of Igf1 ( ϳ 32-40%) and growth hormone ( ϳ 42-35%) relative to wild-type mice [39] . Moreover, it has been reported that Igf1-mediated signaling is impaired in Rasgrf1-deficient pancreatic ␤ cells [40] . Therefore, these results suggest that the unique expression of imprinted genes in VSELs could negatively regulate the insulin/Igf1 signaling in these pluripotent stem cells and maintain their quiescence. As such, it is important to identify potential mechanisms responsible for regulating insulin/Igf1 signaling in VSELs together with potential involvement of SIRT1 and FoxOs, which, as mentioned above, are involved in the aging process.
Conclusion
The aging-associated changes in the nuclear architecture, chromatin structure, altered expression and activity of chromatin remodeling factors, and change in pattern of epigenetic marks (DNA methylation and histone modification) affect all cells in the adult body including the population of stem cells responsible for proper tissue rejuvenation. Therefore, the elucidation of these precise mechanisms will help to develop more efficient anti-aging strategies as well as facilitate a better understanding of age-related risks for cancer genesis.
